Large water bodies such as the Laurentian Great Lakes have significant influences on local 1 and regional climate through their unique physical features. Due to the coarse spatial resolution of 2 general circulation models (GCMs), the Great Lakes are geometrically ignored in most GCMs. Thus, 3 the dynamical downscaling technique serves as a necessary and feasible solution to bridge the gap.
. Summary of prior studies with RCM-lake modeling systems in the Great Lakes Offline: the lake model was post-run; One-way: the lake model was forced by the RCM; Fully: the lake scheme was embedded in the RCM. In water-dominated regions such as the Great Lakes basin, the treatment of lake surface 62 temperature (LST) is a key point in the downscaling process (Table 1) . If no lake component was In this study, we applied a regional model, The remainder of this paper is organized as follows. Section 2 describes model configurations, 
No. GCM/Reanalysis

Model description 86
Overview of CMIP5
87
To conduct a dynamical downscaling study in the Great Lakes region, the fifth phase of the Table 2 . The list of CMIP5 models used for multiple-model ensemble mean (MME) Four CMIP4 models, MIRCO4h, CMCC-CM, CNRM-CM5, and CMCC-CMS can partially resolve the Great Lakes. GFDL-CM3 is selected to drive the WRF/Lake model in our dynamic downscaling study. and also maintaining the objective of downscaling to be consistent with the GCM. 
Model
Grid Model Grid
Lake model
124
Starting with version 3.6, WRF has been released with a thermal diffusion lake model. The lake wrf/users/docs/user_guide_V3/users_guide_chap5.htm). The lake scheme has been performed with
130
actual lake points and lake depth derived from the WRF Preprocessing System (WPS). The lake scheme 131 is independent of a land surface scheme and therefore can be used with any land surface scheme 132 embedded in WRF.
133
In the default lake model, the albedos of water and ice are specified with constant values, 134 0.08 and 0.6, respectively, ignoring solar diffusion, radiation spectrum, and snow effect. Before 135 the implementation of the coupled WRF-Lake model, some modifications have been added to the lake 136 model, including a dynamic lake surface albedo, calibrated vertical diffusivities, and a sophisticated 137 treatment of snow cover over lake ice [45] . At the current grid spacing, the Great Lakes are well 138 represented in our WRF-Lake model (Fig. 3) . 
Experimental design
140
A set of variables from the GFDL-CM3 archive was prepared into 6-hourly input to drive WRF
141
( Table 3) . The 3-D fields (ta, ua, va, hus) and surface fields (tas, uas, vas, huss) were directly obtained 142 from the 6-hourly CMIP5 output. Geopotential height (zg) was computed using the hydrostatic air temperature (T2) was compared with GFDL-CM3, CMIP5 MME, and two reanalysis datasets.
168
The annual, winter (December-January-February), and summer (June-July-August) climatologies from lakes in winter, the air temperature over Lake Superior and Lake Michigan is warmer than the 174 surrounding land area at the same latitude, and vice versa in summer. Lake Erie acts as a warming 175 pool to the overlying atmosphere in the summer. Some discrepancies also exist in the WRF-Lake model.
176
There is a systematic cold bias in the RCM, which was partially induced by the parent GCM. The lake 177 model magnified the cooling effect from lakes, especially in summer time. In addition to air temperature, precipitation from the RCM and GCMs is also assessed against 179 observations (Fig. 5) . In winter, the general pattern (southeast-northwest gradient) of precipitation 180 has been reproduced by both GCMs and RCM. The lake effect in winter, i. lakes being represented, in CMIP5 models, the MME result doesn't change the overall shortcoming.
196
This discrepancy even exists in the reanalysis data when it is too coarse to resolve individual lakes.
197
On this point, the downscaling technique becomes particularly important to mitigate this problem.
198
The above assessment of T2 and precipitation indicates that the historical simulation from GFDL-CM3 with GFDL-CM3 and CMIP5 MME. to have a larger increase in the RCM than that in the GCM, especially in Lake Superior where the 211 overlaying atmosphere could be warmed as much as 5 • C after the lake was introduced in WRF.
212
The future change of the summertime T2 was characterized with a domain-wide strong warming in
213
GFDL-CM3 and WRF, but the magnitude was reduced in WRF, agreeing with the MME's projection.
214
In the downscaling procedure, the WRF didn't alter the overall pattern of T2 change projected by GFDL-CM3, but highlighted the Great Lakes' influence on the atmosphere at local and regional scales,
216
which was missed in CMIP5 GCMs. According to the Clausius-Clapeyron expression, the saturation vapor pressure is regulated 218 by the air temperature. The column-integrated water vapor increases by roughly 7.5% K -1 , and 219 precipitation by 2.2% K -1 [58] . The local precipitation change, which can be attributed to multiple 220 factors: water vapor, instability, and topography, exhibits a strong spatial heterogeneity (Fig. 7) , 221 relative to the air temperature change (Fig. 6 ). In the annual mean precipitation, the region southeast precipitation is likely to happen to the southeast side of the Great Lake region in winter. A striking 227 disparity between the RCM and the GCM occurs in summer. Less rainfall was projected by WRF ( Fig.   228 7g), especially in the lower lakes, while GFDL-CM3 projected more rainfall in the Great Lakes (Fig.   229 7h). Our WRF/GFDL-CM3 downscaling result is consistent with another studies using a different 
Future projection: trends
235
In the previous two subsections, we compared the climatology of historical simulation and future 236 projection. In this subsection, their interannual variabilities and trends will be examined. Fig. 8 shows 237 the area-mean T2 in HIS and RCP simulated by WRF, GFDL-CM3 and MME. In both HIS and RCP, the 238 RCM has maintained the intraseasonal and interannual variabilities that were produced by the GCM.
239
The difference between RCP and HIS (Figs. 8c and 8f) suggests that even in a much warmed climate 240 in the late 21st century we will still experience some cold winters. In CMIP5 MME with interannual 241 variability smoothed by averaging over many model runs, a ubiquitous warming (about 2-4 • C) was 242 projected all year round.
243
Because of the large heat capacity of water bodies, the Great Lakes can significantly modulate the of T2 in WRF, GFDL-CM3 and MME were calculated (Table 4 ). In the RCP4.5 scenario, the T2 will 253 have a rapid increase in the first half-century and the rate of increase will slow down gradually in the Large water bodies such as the Great Lakes can diminish the seasonal variability of air temperature Generally, the projection for the GCM we selected ranks in the middle among the CMIP5 models,
265
suggesting that our downscaling results are representative. The GCM projected a stronger warming 266 of T2 in summer than in winter over all lakes, especially Lake Superior. The lakes' impact on T2 is 267 projected to be enhanced in the future. For example, T2 was projected to warm by 6.7 • C on Lake
268
Superior in March by GFDL-CM3 differing sharply from the 3.0 • C warming in WRF. MME generally 269 projected a smaller increase in T2 which was almost unified among all months. In January and
270
February, because too much ice was produced in the lake model (to be elaborated in section 3f), an , and (f) are same as (a),but for Lake Michigan, Lake Huron, Lake Erie, Lake Ontario, and the Great Lakes, respectively.
The above analysis from the atmospheric component of the coupled WRF-Lake model indicates
274
that an RCM at a higher resolution can not only improve the GCM's result but also add values, such as 275 lake effects on precipitation and air temperature, after a sophisticated lake model was incorporated in 276 the RCM. In next two subsections, the result from the lake component will be evaluated in terms of 277 LST and lake ice coverage which cannot be obtained from the GCM. C) by WRF, compared with GLSEA observation (black) in (a) Lake Superior, (b) Lake Michigan, (c) Lake Huron, (d) Lake Erie, and (f) Lake Ontario.
3.5. Lake model: temperature
279
The current lake model employed 10 vertical layers in the Great Lakes. The top layer was set at 280 a constant depth (0.05 m) and the layers below were scaled to the lake bathymetry. and projected monthly ice coverage in each lake is compared to the observation in Fig. 12 . In part 296 because of the absence of horizontal mixing and ice motion in the 1-D lake model, the WRF-Lake 297 model produced early ice onset and excessive mid-winter ice. The overall cold LST (Fig. 11) can also 298 contribute to the overestimate of lake ice in the lake model. With the LST increasing by 3.5-4 • C, the 299 ice coverage was projected to decrease by 58.9% (Lake Superior) to 86% (Lake Ontario). Given that 300 the ice coverage in the historical simulation was substantially overestimated, the future change of ice 301 coverage is likely to be amplified by the lake model. In addition to the lake-mean ice coverage, the 302 seasonal change of the spatial ice coverage was further examined (Fig. 13) . Heavy ice was produced in 303 north coastal Lake Superior. The lower lakes will experience more dramatic ice losses under global 304 warming. In April in the last decades of 21 century, the ice will almost disappear in all lakes. 
Conclusions and discussion
306
A dynamical downscaling study has been carried out in the Great Lakes region employing a region, as well as the lake-induced characteristics that were missed in the GCMs. 
